We propose a single layer all-dielectric metasurface lens to simultaneously convert and focus an incident linear polarization into a radial beam with high efficiency and high numerical aperture (NA). It shows a better focusing property compared with the linearly polarized metasurface lens for high NA. A tight spot size (0.502λ) is achieved for the NA = 0.94. Additionally, the emergent polarization can in principle be switched flexibly between radially and azimuthally polarized beams by the adjustment of incident polarization direction. It is expected that our scheme may have potential value in microscopy, material processing, medicine, particles accelerating and trapping, and so on. 
Introduction
During the past decades, the cylindrical vector beams have received particular attention for their notable high-numerical-aperture focusing properties [1] [2] [3] . Especially, the strong longitudinal electric field component is of existence at the focus of radially polarized (RP) beam [4] , leading to a sharper focal spot than a homogeneously polarized beam [5, 6] , which results in many significant applications in high-resolution microscopy [7] , surface plasmon excitation [8] , particles accelerating [9] , material processing [10, 11] , and so on. Typically, some traditional methods, such as radial or azimuthal polarization converter [5, 6] , segmented waveplates [12] , segmented spiral varying retarder [13] , circular grating coupler [14] , internal conical diffraction [15] , and spatial light modulators [16, 17] , have been utilized to generate radially or azimuthally polarized (AP) light. However, the methods mentioned above are somewhat bulky, unstable, or low efficiency. Furthermore, the applications of the focused AP beam based on conventional spherical lens and annular apertures are limited by their size, planarity and volume [18] [19] [20] . As a result, it is of difficulty to meet the need for miniaturization and integration.
Many recent studies have focused on the artificial structures with subwavelength scale and abrupt phase change, in virtue of their unprecedented ability to flexibly modify the wavefront of electromagnetic wave in combination with miniaturization and integration. Thus, lots of optical devices have been generated, for instance, spiral phase plates [21, 22] , flat meta-lenses [23, 24] , plasmonic metasurface elements [25, 26] , etc. To begin with, the RP or AP beam has been generated by some specific metasurfaces with circularly polarized light illumination [27, 28] . Then, the plasmonic meta-lens with arrayed metal nanoantennas has been reported and posses the capability of focusing RP or AP beam into a spot [29] . However, it encounters the difficulty of keeping the centers of the cylindrical vector beam and meta-lens coaxial, and this type of single-layer plasmonic metasurfaces suffer from the low transmission or polarization conversion efficiency because of fundamental limits [27] [28] [29] [30] and metal absorption loss [31, 32] . Furthermore, some multi-layer structures seem to offer a high efficiency [32] [33] [34] , but they need further improvement for massive practical applications due to the problems like alignment of multi-layer patterns in processing. Finally, most of dielectric metasurfaces with high efficiency could only focus the incident light without polarization conversion [35] . There is no all-dielectric meta-lens that can simultaneously generate and focus RP beam into a tight spot from linearly polarized beam with high efficiency and high NA, although it has been reported that a metasurface could provide complete control of polarization and phase [36] . As a result, abovementioned shortcomings pose obstacles for practical applications of RP beam.
Here, a single-layer meta-lens, which is based on high-contrast dielectric elliptical posts, is designed to simultaneously generate and focus RP (or AP) beam into a focal spot (or doughnut-shaped focus) from x-(or y-) polarized beam with high efficiency and high NA. The emergent polarization can be switched conveniently between RP and AP beams by adjusting incident polarization direction. The polarization conversion is achieved ingeniously by introducing one phase difference of π between two special orthogonal polarizations of linearly polarized incident light. Thus, it could solve the problem of the harshly coaxial condition in practical applications. Moreover, it shows a better focusing property compared with the linearly polarized metasurface lens consisting of dielectric cylinder posts for high NA. A tight spot size (0.502λ) is obtained when the designed meta-lens with NA of 0.94 is illuminated with x-polarized light at 10.6 μm. We believe that our scheme may have potential applications in microscopy, material processing, medicine, particles accelerating and trapping, etc.
Structure model design
A typical periodic hexagonal unit cell and its geometry parameters are shown in Fig. 1(a) . It is composed of a layer barium fluoride substrate (BaF 2 ) and a silicon (Si) elliptical post with an orientation θ. To analyze its mechanism, we employed the finite integral technique (FIT) based on CST Microwave Studio to obtain the magnetic energy density in periodic posts, as shown in Fig. 1(b) . The optical energy concentrated within the posts proves that each post can be regarded as a waveguide truncated on both sides and work as a weakly coupled lowquality-factor Fabry-Pérot resonator [36] , mainly owing to the high refractive index contrast between the Si posts and their surroundings [35] [36] [37] . Thus, it results in different effective refractive indices and phase shifts (φ x and φ y ), which almost do not vary with orientation of the post [36] , of two waveguide modes polarized along the ellipse diameters. As a result, each unit cell can operate as a local wave-plate with an optical axis θ. By proper selections of two ellipse diameters, we can realize discretional combination of φ x and φ y ranging from 0 to 2π while maintaining high transmissions. We believe that such a capability is of importance for the generation of RP beam. Each unit cell can behave as a local half-wave plate when there is a phase difference of π between the two linear polarizations aligned to the ellipse axes. Considering one linearly polarized beam normally propagating through an array of half-wave plates, whose fast axes form an angle 2 ϕ (where
is the azimuthal angle) by the x axis, the Jones matrix G showing the transformation of the structure, as follows [38] :
where we consider the transmission amplitudes of the two-diameter direction as equal because of little difference, and η is the transmission amplitude of transmission light. The normal incident x-and y-polarized light, after passing the abovementioned structure, can be transformed into the following electric field, respectively:
where E 0 is the amplitude of incident electric field; 2 / 2 k π = is the wave vector. It is obvious that Eqs. (2) and (3) are the electric field vector of RP and AP light denoted in Cartesian coordinate, respectively. An arbitrary linear polarization light can be decomposed into two orthogonal x-and y-polarized lights, so the emergent polarization can in principle be switched between RP and AP beams by changing the polarization direction of the linearly polarized incident beam.
To get the relationship between the elliptical post diameters (Du and Dv) and the phase shifts (φ x and φ y ), x-and y-polarized light at 10.6 μm are utilized to illuminate a periodic array of elliptical posts (θ = 0), respectively. Moreover, the phase shifts (φ x and φ y ) and transmissions (T x and T y ) are performed based on FIT as a function of the elliptical post diameters, as shown in Fig. 1 (c) and 1(d) respectively. We choose eight different elliptical posts with a phase difference of ~π between the two linearly polarized transmission light aligned to the ellipse axes as well as an incremental phase of π/4 between adjacent posts with an average transmission higher than 95%, as illustrated inset of Fig. 1(c) and 1(d) . The phase shift (φ x ), phase difference (PD) and transmissions (T x and T y ) of the eight unit cells are shown in Fig. 1(e) . The transmissions are approximately equal. Thus, each unit cell can be considered as a local half-wave plate. In order to obtain a gradient meta-lens for generating and focusing RP (or AP) light into a focal spot (or doughnut-shaped focus) from x-(or y-) polarized light as shown in Fig. 2(a) , the eight unit cells in Fig. 1 and the location center coordinate x and y is given by:
where f is the focal length of the meta-lens; n is an arbitrary integer number. According to Youngworth's formulas [1] in combination with Eqs. (2) and (3), the normal incident x-and y-polarized light, after passing the meta-lens, can be converted into the following electric field, respectively: 
Simulation results and analysis
In order to validate the analytical model and extend the theoretical analysis, according to the design approach mentioned above, a 2D flat RP and AP meta-lens (we call it A-lens later in this paper) has been designed as shown in Fig. 2(b) , whose size and focal length are 385 μm × 385 μm and 70 μm (NA = 0.94) respectively. We simulate the whole 3D lens using FIT based on CST at the wavelength of 10.6 μm and then compare with the results in theory. To this end, the transient solver is used along with an extremely fine hexahedral mesh with a minimum mesh size of 0.1μm (0.009λ) and a total number of ~239 × 10 6 mesh cells. Furthermore, about 46.6 × 10 6 mesh cells are used to capture field behavior in the elliptical posts. In the system and simulation, the numerical aperture is defined as
, where D is the width of the lens. A circular spot focus is obtained in the focal plane when the designed A-lens is illuminated with x-polarized light as illustrated in Fig. 3(a) , thanks to the polarization symmetry of RP beam. The cross-sectional intensity profile of electric field at the focal plane is the sum of radial component and longitudinal component (owing to polarization conversion and deflection by the array of posts). The green, blue and red solid curves in Fig. 3(d) signify the simulated intensity profiles of longitudinal component, radial component and total field, respectively. The full width at half maximum (FWHM) and center position of focal spot are ~5.321 μm (0.502λ) and ~69.3 μm (with a focal shift ~1%; the theoretical focal length is ~69.8 μm), which approach to the diffractive limit and designed focal length, respectively. Figure 3(b) shows the cross-sectional intensity profile in the xz plane; Fig. 3(e) illustrates the intensity profiles of simulation and theory calculations along the optical axis. The depth of focus (DOF, which is defined as the FWHM along the optical axis) is ~16.2 μm (the theoretical value is ~15.8 μm). The maximum focused electric field is ~32.6 times that of the incident field. Furthermore, the efficiency of focus is ~39%, which is defined as the ratio of the power in the main focal spot region to the total input power before the lens. The black dot curves in Fig. 3(d) and 3(e) are the normalized intensity distributions of theory calculation, which is also based on the Youngworth's formulas [1] in Eq. (7), at the focal plane along the x-axis and along the optical axis, respectively. 
where x max and y max are the maximum values of transverse coordinate for the designed metalens, respectively. For y-polarized beam, a hollow dark spot is attainable in the focal plane as shown in Fig.  3(c) . There is only the azimuthal component (stemming from polarization conversion by the array of posts) at the focus. Obviously, the dark center of doughnut focus suggests that the longitudinal component is not available for y-polarized incident light; the electric field is purely transverse and zero at the center. Thus, there is the strong magnetic field on the optical axis, which could be utilized in optical trapping and manipulation of particles [40] . The red solid line and black dot curve in Fig. 3(f) denote the normalized intensity distributions of simulation and theory calculations at the focal points of each one along the x-axis, respectively. The peak-to-peak distance (PP) is ~7.727 μm (0.729λ), and the corresponding FWHM of doughnut focus is ~3.792 μm (0.358λ). The focusing efficiency is ~49%. The formula of theory calculation is given by: 
According to the analyses above in combination with Fig. 3 (d)-3(f), there is good consistency between the simulation and theory results, which provides strong evidence for the correctness of the theoretical analysis and simulated results.
In order to make a comparison with the RP meta-lens, we designed another linearly polarized meta-lens (we call it B-lens later in this article) consisted of cylinders posts, whose arrangement, materials and geometry parameters (except the relationship between the phase shift and the diameter) are the same as A-lens shown in Fig. 1(b) . It focuses linearly polarized beam without polarization conversion, owing to the circular symmetry of silicon cylinder. Figure 4(a) shows the transmission and phase shift for this periodic structure as a function of the duty cycle (the ratio of the post diameter to the lattice constant) at the wavelength of 10.6 μm.
On the basis of FIT simulations, three focused cross-sections of the designed B-lens with NA = 0.94 and f = 70 μm at the z = 69.3 μm, y = 0 and x = 0 plane are presented in Figs. 4(b)-4(d) for x-polarized incident light at 10.6 μm. The FWHM along the x and y direction are ~7.477 μm (0.705λ) and ~4.544 μm (0.429λ), respectively. The maximum focused electric field is ~37.6 times that of the incident field, and the focusing efficiency is ~34%. An asymmetry focus comes into being in the focal plane as showing in Fig. 4(b) with a focal shift ~1%, which was predicted by Richards and Wolf in 1959 [41] and experimentally verified in traditional optical systems [42] . Because the longitudinal z component is cancelled by interference in the focal region and varies with the azimuthal angle φ, which makes its intensity distribution depressed at the focus and show maxima away from the optical axis in the x direction as illustrated in Fig. 4(c) and 4(d) , leading to the asymmetry of the total field. As the NA increases, the focusing efficiencies, FWHM and focal shifts of two types of meta-lenses show a decreasing trend, but their focused intensities get reinforced. Under small NA condition, both FWHM and focal shift of B-lens are obviously smaller than A-lens. Also, its focusing efficiency and focused intensity are larger than A-lens. Because the tangential electric field energy, which plays a leading role in the total energy for small NA, is cancelled by interference in the focal region for A-lens. However, under high NA condition, the efficiencies, focal shifts and focused intensities of two types of meta-lenses have no obvious difference, but the focal spot of A-lens is sharper and more symmetrical than that of B-lens, mainly thanks to the polarization conversion from linear to radial and the existence of a greater proportion of longitudinal z component in the focal region of the focused RP beam. In brief, the results of analysis verify that A-lens shows a better focusing property for high NA.
Conclusion
In conclusion, we utilize the method of abrupt phase shift to achieve simultaneous control of polarization and phase with an average transmission higher than 95%. A novel meta-lens has been designed for x-(or y-) polarized incident light to simultaneously generate and focus RP (or AP) beam into a symmetry spot focus (or doughnut focus) with high efficiency and high NA. It shows a better focusing property compared with the linearly polarized metasurface lens for high NA. A tight spot size (0.502λ) is obtained when the designed meta-lens with NA of 0.94 is illuminated with x-polarized light at 10.6 μm. Additionally, the emergent polarization can in principle be switched between RP and AP beams by changing the incident polarization direction. It is expected that our scheme have many potential applications such as microscopy, material processing, medicine, particles accelerating and trapping, etc.
